Background. Effective malaria control requires information about intensity of transmission across large areas and populations. Estimates based on entomological factors lack precision and are not cost-effective to obtain. We tested altitude and rainfall measurements as correlates of transmission intensity in different ecological settings.
Despite its considerable public health importance, the relationship between the burden of malarial disease and intensity of transmission of Plasmodium falciparum remains unclear [1] , in part because of a lack of tools for the rapid and accurate estimation of transmission over large areas and across different transmission intensities. More-precise estimates of transmission intensity would allow improved targeting of novel control tools, such as the introduction of rapid diagnostic tests to optimize the use of expensive combination therapies. ever, parasite prevalence saturates at high transmission and can be affected by seasonal variation in transmission and levels of acquired immunity.
Transmission intensity varies with climate, of which temperature-which affects the development of the vector and of the parasite within the vector-is a major component; transmission intensity is expected to vary with altitude because of the associated changes in temperature. Mosquito densities and parasite prevalence decrease with increasing altitude [7] [8] [9] [10] but are influenced by rainfall, topography [11] , land use [12] , the socioeconomic status (SES) and genetic composition of the population [13, 14] , and the use of antimalarial chemotherapy [15] . As a consequence, previous attempts to estimate malaria transmission by use of climatic models and parasite prevalence on a local scale have failed to accurately predict risk, particularly at low rates of transmission [16] .
As part of a program investigating the burden of disease and transmission intensity, the present study aimed to determine the utility of simple indices-altitude and rainfall-to predict the intensity of malaria transmission. We surveyed parasite prevalence and hemoglobin (Hb) concentration in ∼12,000 individuals in 24 villages in 6 altitude transects (100-1800 m above sea level) of mountain ranges across northeastern Tanzania.
MATERIALS AND METHODS
Study area. The study area ranged from Mt. Kilimanjaro to the coastal plain of northeastern Tanzania (figure 1). The Usambara Mountains are populated between the altitudes of 300 and 1870 m; the Pare Mountains reach similar altitudes but are much steeper. Mt. Kilimanjaro rises from the plains at 700 m and is inhabited to an altitude of ∼2000 m. The area has a short rainy season in November and December and a longer rainy season from March to May; temperatures peak in January and are lowest in July. Intense, perennial P. falciparum transmission (EIR, ∼700 ib/p/y) occurs on the coastal savannah [17] , whereas altitudes 11700 m are believed to be malaria free [18] .
Six transects of altitude were defined-3 in the Kilimanjaro region and 3 in the Tanga region (figure 1). Within each transect, 1 village was selected at high (11200 m), 2 at intermediate (600-1200 m), and, where possible, 1 at low (!600 m) altitude (table 1) . Village selection criteria were chosen to minimize We aimed to recruit 250 individuals (80 who were 0-4 years old, 80 who were 5-14 years old, and 90 who were 15-45 years old) per village. Sufficient subvillages to fulfil the sample size in the age group of children !5 years old were selected; individuals presented to a central point in the village over a 3-day period and were sampled on a first come, first served basis. Overall, 30%-50% of villagers and 180% of individuals !5 years old were sampled. Demographic, anthropometric, and clinical data were recorded, and a 500-mL finger-prick blood sample was collected. Minor ailments were treated by clinical staff; villagers with more-serious health problems were referred to an appropriate health facility. Laboratory methods. Giemsa-stained blood films were examined by oil-immersion microscopy. One hundred fields were screened before a slide was deemed to be negative; if parasites were observed, they were counted against 200 white blood cells (WBCs). All slides were read twice; if results were discordant, they were read a third time. The majority result was accepted for slide positivity, and the mean of all 3 readings used to estimate parasite density. Hb concentrations were assessed by hemophotometry (HemoCue). Clinically relevant data were provided to the study physician, and appropriate treatment was provided.
Data management and analysis. Data were double entered and verified in Microsoft Access (Microsoft); range and internal consistency checks and analyses were performed by use of STATA software (version 8; StataCorp). Anthropometric indicators were defined in EpiInfo2002 (NutStat) by use of the US Center for Disease Control and Prevention's 1978 reference population. Stunting was defined as height-for-age values 12 z-scores below the mean. The data from both surveys were pooled, and regression models were included to adjust for the effect of season and repeated sampling. Data were adjusted for intravillage correlation by use of random-effects linear regression for mean Hb, population-averaged logistic regression for parasite prevalence, and negative binomial regression with robust SEs for parasite density counts. Separate regression models were fitted for children and adults because of significant age differences in parasite indices and interactions between age and other covariates. A fractional polynomial analysis [20] was used to describe the fit of the age-prevalence data at different altitude bands. To correct for the physiological effect of altitude on oxygen-carrying capacity, Hb values were adjusted for altitude of residence [21] .
RESULTS
Participation was high in both surveys, with 97% of the target sample recruited in the first survey pool and 95% recruited in the second pool. The sexes were equally represented in the younger age groups, although 70% of the 15-45-year-olds surveyed were women. After adjustment, there was no significant association between altitude or estimated annual rainfall and stunted growth in children !5 years old. However, the risk of stunting was greater in the Tanga region than in the Kilimanjaro ) in Tanga, but the P ! .001 effect of altitude among adults in Kilimanjaro was not statistically significant. For every 100-mm increase in rainfall during the 3 months preceding the survey, the OR of parasitemia was 0.54 (95% CI, 0.42-0.71; ) in children in Kilimanjaro; P ! .001 the effect of rainfall among children in Tanga was not statistically significant. In adults, for every 100-mm increase in rainfall during the 3 months preceding survey, the OR was 0.75 (95% CI, 0.58-0.97; ) in Tanga and was 0.58 (95% P p .029 CI, 0.41-0.81; ) in Kilimanjaro. P p .002 The relationship between parasite prevalence and age (as a continuous variable) was modeled separately for each region and altitude (categorized into altitude bands of !600, 600-1200, and у1200 m), by use of a fractional polynomial logistic regression adjusted for survey timing and within-village correlation (figure 3). Parasite prevalence was higher in Tanga than it was in Kilimanjaro at all ages and at all altitudes. In 4 of 5 region-altitude bands, parasite prevalence peaked in children or adolescents and decreased in adults, which indicates a degree of acquired immunity.
Geometric mean parasite density (GMPD). Parasitemic individuals were classified as symptomatic (measured temperature у37.5ЊC or reported fever during the preceding 2 days) or asymptomatic. During the short rainy season, 14% of parasite-positive subjects were symptomatic, whereas, during the long rainy season, 35% were symptomatic. In both surveys, the proportion of symptomatic parasite-positive subjects decreased with increasing altitude (28% at !600 m, 26% at 600-1200 m, and 21% at 11200 m;
, score test for trend) and with P p .009 increasing age (31% in 0-4-year-olds, 23% in 5-14-year-olds, and 25% in 15-45-year-olds;
, score test for trend). P p .022 In symptomatic children, there was no effect of either altitude or rainfall on GMPD; however, GMPD decreased by 65% in older children, compared with younger children (density ratio, 0.35 [95% CI, 0.24-0.50];
); it was twice as high in P ! .001 those who reported having received antimalarial treatment during the preceding week than in those who did not (density ratio, 2.03 [95% CI, 1.41-2.92];
). This apparent par-P ! .001 adox probably reflects the low efficacy or improper use of the available antimalarial drugs in this area of extremely high drug resistance [22, 23] .
In asymptomatic individuals, after adjusting for survey timing and antimalarial treatment during the preceding week, GMPD decreased with increasing altitude in children but not in adults ( figure 2B ). In adults, there was an interaction between GMPD and recent rainfall in Tanga, with a reduction in GMPD of 14% per 100-mm increase in rainfall (density ratio, 0.86; [95% CI, 0.75-0.98];
), but no significant effect was seen in P p .024 Kilimanjaro. Asymptomatic GMPD in adults was also significantly higher in Tanga times higher in asymptomatic adults (95% CI, 1.17-4.41; P p .016) who reported having received treatment for malaria during the preceding week, compared with those who did not report having received treatment.
Prevalence and severity of anemia. The prevalence of moderate anemia (Hb concentration, 8 g/dL) decreased significantly with increasing altitude (7.2% at !600 m, 2.8% at 600-1200 m, and 2.1% at 11200 m;
, score test for trend) and P ! .001 was significantly higher in Tanga than in Kilimanjaro (4.97% vs. 1.51%;
). Severe anemia (Hb concentration, 5 g/dL) P ! .001 was also more prevalent in Tanga than in Kilimanjaro (0.43% vs. 0.09%, respectively;
). P ! .001 The mean Hb concentration was higher in older (5-15 years old) than in younger (0-4 years old) children (difference, 1.58 g/dL [95% CI, 1.51-1.64];
) and was higher in girls P ! .001 than in boys (difference, 0.14 g/dL [95% CI, 0.07-0.21]; P ! ). The mean Hb concentration was positively P ! .001 associated with altitude in both regions (figure 4). In children, the Hb concentration increased by 0.09 g/dL (95% CI, 0.06-0.12;
) for every 100-m increase in altitude in Tanga P ! .001 and by 0.05 g/dL (95% CI, 0.01-0.08; ) for every 100-P p .016 m increase in altitude in Kilimanjaro. In adults, the Hb concentration increased by 0.08 g/dL (95% CI, 0.04-0.12, P ! ) for every 100-m increase in altitude in Tanga. The mean .001 Hb concentration was positively associated with rainfall in Kilimanjaro, increasing by 0.17 g/dL (95% CI, 0.10-0.23; P ! .001) for every 100-mm increase in estimated 3-month rainfall in children and by 0.17 g/dL (95% CI, 0.06-0.28; ) in P p .002 adults. There was no significant effect of recent rainfall on mean Hb concentration in either children or adults in Tanga.
DISCUSSION
The present study describes the effect that altitude and estimated rainfall have on indices of malaria infection over a large area encompassing a wide range of intensities of transmission. The inclusion of children and adults in the study allowed us to look for interactions between intensity of transmission and the acquisition of immunity. Overall, altitude was closely correlated with multiple measures of malaria exposure (parasite prevalence, asymptomatic parasite density in children, and mean Hb concentration). Similarly, in a study of hospital admissions in the same study area, we found clear evidence of altituderelated differences in the age distribution and manifestations of severe malaria [24] .
Previous studies have shown a logarithmic relationship between parasite prevalence in children and EIR [6] and between EIR and altitude [8] . Our data thus confirm that intensity of transmission is directly related to altitude and that parasite prevalence (adjusted for covariates) is a good marker of this. (The lack of association between altitude and parasite prevalence among adults in Kilimanjaro may reflect their greater mobility vs. that of children, particularly in high-altitude villages, where adults migrate to the lowlands to farm during the rainy seasons [data not shown].) Applying the criteria developed by Beier et al. [6] , we estimate that only 1 village in our study, Mgome, had an EIR 1100 ib/p/y. EIRs in the other lowland villages (!600 m) were 11-100, those in midrange villages (600-1200 m) were !10 ib/p/y, and those in high-altitude villages (11200 m), with the exception of the outliers described below, were !1 ib/p/y.
The mean Hb concentration is another indicator of malaria infection and (after adjusting for the direct physiological effects of altitude) revealed a pattern similar to that of parasite prevalence. In children !5 years old, both parasite prevalence and mean Hb concentration correlated equally well with altitude, which suggests that mean Hb concentration reflects recent malaria exposure in this age group. However, with increasing age, the mean Hb concentration tended to correlate more closely with altitude than did parasite prevalence; this effect was particularly apparent for adults in the Tanga region, which suggests that, among individuals who have a significant degree of acquired immunity, the examination of a single peripheral blood film may underestimate the burden of disease due to chronic, low-density parasitemia. Indeed, our data suggest that, in the absence of other common causes of anemia, such as heavy hookworm infection [17, 25] , Hb concentration may be a more reliable measure of P. falciparum exposure than parasite prevalence.
After adjusting for altitude, parasite prevalence decreased (and mean Hb concentrations increased) with increasing rainfall (estimated during the 3 months preceding the survey), which indicates that malaria transmission decreases as rainfall increases. At first glance, this seems counterintuitive, because, in this region of Tanzania, malaria transmission in lowland sites has consistently been shown to increase during the rainy season [8, 10, 26] . However, there is no direct, predictable relationship between rainfall and the intensity of malaria transmission [27] . In other settings, very heavy rainfall can lead to a paradoxical decrease in malaria transmission [28] because of flushing of breeding sites, which reduces larval numbers and decreases nutrient availability [11, [29] [30] [31] . Heavy rainfall at high altitude in Kilimanjaro is also associated with reduced ambient temperature, which would further limit vector development.
The acquisition of immunity with age and increasing transmission intensity is apparent from the shift in peak parasite prevalence to older age groups with increasing altitude [32] and from the less marked effect of altitude on parasite prevalence among adults, compared with that among children. The decrease in asymptomatic GMPD with increasing altitude indicates that the fever threshold is lower in children with lower levels of exposure, which is consistent with observations published elsewhere [33] , in which pyrogenic thresholds differed with intensity of transmission [34, 35] . The lack of association between GMPD and altitude in adults is consistent with evidence that the ability to control parasite replication is acquired earlier than the ability to prevent infection per se [36] . The observation that GMPD was significantly lower in adults than in children, even at the highest altitudes, implies that adults can develop a considerable degree of antiparasite immunity even under conditions of very low transmission. Furthermore, our observation of an increase in symptomatic parasitemic individuals during the long transmission season is consistent with the notion that clinical episodes of malaria are associated with new infections by genetically distinct parasites [37] .
Despite the clear association between malariometric parameters and altitude within transects, marked altitude-independent differences were observed; after adjustment for altitude and potential confounding factors, the risk of malaria infection and that of anemia were both 5-fold higher in children in Tanga than in children in Kilimanjaro. This might be explained by differences in vector composition. In coastal Tanga, the principal vectors are Anopheles gambiae (sensu stricto) and Anopheles funestus [10] , whereas, around Mt. Kilimanjaro, vectors are almost exclusively Anopheles arabiensis [38, 39] , which is a significantly less efficient vector than A. gambiae (sensu stricto) [40] . All 3 vectors are present at various times throughout the year in the Pare Mountains [41] . These vector distributions correspond very well with the parasite prevalence data that we recorded and with those from more extensive comparisons of malaria stability and vector composition [42] . Differences between transects might also reflect differences in SES and health-seeking behavior (including the use of bed nets and antimalarial drugs) [43] ; preliminary data have suggested higher SES in villages in Kilimanjaro (data under analysis), but the prevalence of alleles associated with drug resistance is similar in both regions [22, 23] . Finally, the prevalence of hemoglobinopathies might decrease with increasing altitude [44] and thus confound the relationship between Hb concentration and transmission intensity, but there is little evidence that they affect parasite prevalence per se.
In addition to this regional variation, we also observed microheterogeneity in intensity of transmission at the village level. There were 3 villages (Ikuini, Handeni, and Funta) in which the parasite prevalence was higher than expected, given their altitude, and 1 village (Kileo) in which the parasite prevalence was lower than expected. Handeni lies in a sheltered basin, which may provide long-term vector breeding sites [11] , whereas Funta has previously been identified to be epidemic prone. Kileo reported extremely low rainfall at the time of both surveys [45, 46] . None of these unexpected parasite prevalences were matched by outlying mean Hb concentrations, which suggests that they reflect short-term fluctuations in malaria transmission intensity rather than any long-term aberration in transmission; serological analysis of samples from these villages confirmed this interpretation. Moreover, serological parameters were extremely highly correlated with altitude, irrespective of transect or region [47] , which indicates that intertransect differences may be largely explained by short-term seasonal variation.
In conclusion, the present results demonstrate that altitude is a useful proxy for malaria transmission across a very wide range of transmission intensities, but only when there is sufficient information to adjust for the confounding effects of seasonal variation in rainfall and vector composition. However, given that both altitude and rainfall can be rapidly and accurately measured by use of geographical information systems approaches and that surveys of vector composition are much cheaper and quicker than measuring EIR, we believe that this approach has potential for the rapid assessment of malaria transmission intensity over large areas. Although microheterogeneity of transmission may obscure these relationships in small studies, we have demonstrated the utility of altitude measures for characterizing P. falciparum transmission with a precision that is appropriate for epidemiological or intervention studies. Furthermore, this relatively small, well-populated geographical area harbors a wide range of intensities of malaria transmission and is an optimal site for evaluation of such interventions.
